Depolarized Raman spectra of compressed hydrogen gas have been computed rigorously previously for 36 K and 50 K (Gustafsson et al. (2009)). The far wings of the rotational lines show asymmetry that goes beyond that expected from the theory for intracollisional interference and Fano line shapes. Here we analyze the S 0 (0) line for pure hydrogen at 36 K in detail. The added asymmetry stems partly from a shape resonance which adds significant intensity to the higher frequency side of the line profile. The influence of the threshold energy for the rotational transition accounts for the remainder.
Introduction
The depolarized Raman spectrum of hydrogen shows a number of spectral lines corresponding to rotational transitions with Δ j n =0, ±2 in hydrogen molecule number n [1] . These spectral features are broadened due to collisions between the molecules and the corresponding width is approximately inversely proportional to the time between the collisions. The transitions with Δ j n =2 give rise to the so-called Slines which are located on the Stokes side of the spectrum where the energy of the scattered photon is lower than that of the incident photon. The incident light may also scatter from pairs of hydrogen molecules in an interaction-induced Raman process [2, 3] . The pairs are transient complexes with a lifetime corresponding to the duration of the H 2 -H 2 collisions. In gases under pressures of less than a few hundred atmospheres the time between collisions is typically much longer than the duration of the collisions. This implies that the spectral features due to interaction-induced light scattering are much broader than the pressure-broadened Slines.
At high gas pressures, collisionally interacting triples of molecules will also scatter the light. In general the Raman intensity may be expressed as a virial expansion [4] in powers of the gas density, ρ, with the terms proportional to ρ, ρ 2 , ρ 3 , and so forth, where the second and third term correspond to binary and ternary collisions, respectively. The terms which is linear in the density will come into play if broadening mechanisms other than collisions dominate, such as Doppler or natural line broadening. Here, the temperature is low enough that Doppler broadening can be ignored as well as the natural line width which is extremely small for rotational states. Furthermore, in this work I consider the far wings of the S-lines with frequency shifts on the order of 20 cm −1 from the line centers. Small detunings, that is, frequencies approaching the line center, imply that a higher number of subsequent collisions have to be taken into account, and a higher number of terms in the virial expansion have to be included. Detunings of about 20 cm −1 are large enough so that single binary (H 2 -H 2 ) collisions alone contribute to the Raman intensity. The density-squared component of the intensity is also what has been extracted in the experiments that are relevant for this work [5] .
The impact approximation [6, 7] for collisional broadening considers single or several subsequent collisions and can thus describe spectral lines at arbitrarily small detuning. It does not, however, fully include the effects from mixing of molecular states, such as the H 2 rotational levels, j n . The spectra in this work are computed with a close-coupling scheme [8, 9] for the diatom-diatom scattering including the angular momentum couplings exactly [10] . The method is an extension of the radiative close-coupling theory [11] and it is valid far from the line centers and for asymptotically forbidden transitions. Thus it provides a correct description of the wings of the monomer-allowed spectral lines, where only isolated two-body collisions need to be considered. The S 0 (0) and S 0 (1) lines of the depolarized Raman spectrum of hydrogen (65% para-H 2 , 35% ortho-H 2 ) at 50 K. The frequency of the rotational transitions are indicated with vertical blue dotted lines. The solid curves represent the computed data [10] and the filled circles a measurement [5] .
Theory of far wings has been reviewed recently in chapter V of the book by Hartmann et al. [12] . A perturbative theoretical treatment which includes intracollisional interference was developed by [13] and applied to H 2 -H 2 light scattering. Furthermore, a nonperturbative model based on the sudden description of the collisions [14, 15] has been applied to the depolarized Raman spectrum of nitrogen. The calculation in [10] , which produced the theoretical data analysed in this work, does not rely on either of those approximations. It is an exact description of the collisional dynamics when vibrational and higher energy modes may be ignored and it represents the most accurate computation of the densitysquared component of the hydrogen Raman spectrum.
Computed Spectra
The details of the calculation of the depolarized light scattering in compressed hydrogen gas may be found in [10] . Single binary collisions were taken into account, allowing for evaluation of the virial term of the Raman cross section which is proportional to the density squared. The closecoupling scattering calculations were carried out on the potential surface by Schäfer and Köhler [16] using the static collision-induced polarizability surface from [17] . It should be noted that the latter differs from the true dynamic polarizability by an amount which is thought to be several percent [2, 3] .
The depolarized Raman intensity at a fixed temperature is evaluated through 
The S 0 (0) line of the depolarized Raman spectrum of pure hydrogen at 36 K. The frequency of the rotational transition is indicated with the vertical blue dotted line. The solid curve represents the computed data [10] . Computed data where only the permanent polarizability is included is indicated with a green dashed curve. Similarly, the spectrum due only to collision-induced polarizability is indicated with a red dashed curve.
with the energy-dependent intensity defined by
where the scattering matrix element S f i (E) for initial and final angular momentum states i and f , corresponding to incident and scattered photons with frequencies ν 0 and ν s , respectively. λ 0 is the thermal de Broglie wave length, φ 0 and φ s are the incident and scattered photon fluxes, respectively, in units s −1 cm −2 and P j (T) is the rotational population for H 2 at temperature T. The summation over i * indicates all initial angular momenta except for j 1i and j 2i . It has been verified that an upper integration limit of E max = 13 kT provides convergence in (1) . Figure 1 shows the Raman spectrum at 50 K which is dominated by the wings of the S(0) and S(1) lines, except for at ν < 270 cm −2 where the purely translational collisioninduced band appears. The frequency shift ν = ν 0 − ν s is positive for Stokes scattering. Experimental Raman intensities are also shown and the agreement of the line shapes is satisfactory. Considerable difficulty in the ab initio calculations of the potential and polarizability surfaces should be taken into account. Due to the low temperature only two S lines appear in the spectrum; all the paraand ortho-hydrogen molecules are in their lowest rotational states 0 and 1, respectively.
In Figure 2 the theoretical result for pure parahydrogen at 36 K is presented. The results when permanent and collisioninduced polarizabilities (one at the time) are artificially turned off are also displayed to aid the analysis of the asymmetric broadening. There is strong destructive interference between the permanent and collision-induced components on the low frequency side of the S 0 (0) transition; inclusion of both components gives a lower intensity than each of them alone around 280 cm −1 . The high frequency side, on the other hand, shows an equally strong constructive interference.
Rotational Line Shapes
It is helpful for the line shape analysis to briefly review the absorption spectroscopy analogue to the process at hand. The HD molecule has a tiny permanent dipole moment [18] and its infrared spectrum has been investigated in great detail both experimentally [19, 20] and theoretically [21] [22] [23] . For example, in the spectrum of HD molecules in a helium bath it has been established that an interference of the HD dipole with the interaction-induced HD-He dipole gives rise-to-socalled Fano line profiles for the R and P transitions. The low density limit of the Fano line shape has a symmetric Lorentzian term and an antisymmetric interference term [24] . It appears that the mechanism should be the same in a Raman spectrum when a permanent and an interactioninduced polarizability interfere.
In the pioneering theoretical work on the depolarized Raman line shapes in hydrogen Borysov and Moraldi [13, 25] assumed a three component contribution to the intensity: a pressure broadened allowed line described by a Lorentzian, a collision-induced quasicontinuum, and the interference of those two. For the first of those contributions the impact approximation predicts a pressure-broadened symmetric line shape described by a Lorentzian. If the collisioninduced polarizability is removed from the calculation of the spectrum such a line shape is expected. The dashed (green) curve in Figure 2 shows our theoretical result for the allowed S-line which is clearly not symmetric. Intracollisional interference accounts for some of the added asymmetry when the collision-induced polarizability is included in the calculation, that is, when the solid black curve deviates from Figure 3 but for a smaller energy range. For 380 cm −1 there is a shape resonance due to ( j 1 , j 2 , l, J) = (0, 0, 2, 2) which is marked with an A. For 329 cm −1 there is structure due to a predissociating state ( j 1 , j 2 , l, J) = (0, 2, 0, 2) (B) and shape resonances on the ( j 1 , j 2 ) = (0, 2) potential (C and D).
the sum of the dashed red and green curves. The asymmetry that is observed when only the permanent polarizability is included must, however, come about through a different mechanism.
Analysis of D oo (v, E)
In the following analysis I will consider the case of pure parahydrogen with the spectrum presented in Figure 2 . It should be noted that, due to the low temperature, all H 2 -molecules are initially in their rotational ground state, j n =0. The Raman intensity versus collision energy, D 00 , which is given in (2) is shown for two frequency shifts in Figure 3 over the whole energy interval required for an accurate evaluation of the Boltzmann average in (1). The two frequency shifts, 329 and 380 cm −1 , were chosen so that they are positioned roughly symmetrically relative to the S 0 (0) transition at 354.4 cm −1 . The allowed contribution to the intensity is shown with dashed green curves and those virtually coincide for 329 and 380 cm −1 above E ∼ 50 cm −1 . One may thus conclude that it is the low energy behaviour that introduces the asymmetry that goes beyond the intracollisional interference effect, which is displayed as the difference between the solid black curves in Figure 3 . Figure 4 shows the same intensities for a low energy range. For the frequency shift ν = 380 cm −1 a feature (A) around E = 1.2 cm −1 is now clearly visible. A computation of the cross section for different total angular momenta J (not reported here) shows that the partial wave with J = l = 2 alone gives rise to the feature. Thus it is consistent with a shape resonance on the l = 2 effective potential
International Journal of Spectroscopy which is plotted for three values of l in Figure 5 . l is the orbital angular momentum corresponding to the classical impact parameter. The reduced mass of the H 2 -H 2 pair is indicated with m and the distance between the two diatoms with R. The anisotropic components (V γ1γ2γ (R) with not all indices being zero) of the potential are not shown in Figure 5 but they are included in the calculations of the data shown in Figures 1  through 4 . For the 329 cm −1 frequency shift the S 0 (0) threshold lies at a collision energy E = 25.4 cm −1 . A feature which is due to a predissociating state (B) is clearly discernible about 3 cm −1 below that threshold in Figure 4 , consistent with the value for the bound state ( j 1 , j 2 , l, J) = (0, 2, 0, 2) which is computed with the same potential in [26, 27] Immediately above the threshold two shape resonances (C, D) corresponding to the final rotational state's effective potential are visible.
To investigate the contribution to the depolarized Raman intensity at 380 cm −1 I have carried out test calculations using different upper limits E max in the energy integral, (1) . The corresponding intensities and their fraction of the total are given in Table 1 . It turns out that roughly a fifth of the total intensity at that frequency is contained in the feature which corresponds to the shape resonance labeled with an A in Figures 4 and 5 . Furthermore, more than half the intensity comes from energies lower than 25 cm −1 which is close to the S 0 (0) threshold for 329 cm −1 .
Conclusion
The depolarized Raman spectra at low temperatures has been analysed. Comparison with an experiment carried out at 50 K [5] verifies satisfactory agreement between the measured and computed spectra. The highly asymmetric S 0 (0) line profile at 36 K has been investigated in great detail. The conclusion is that intracollisional interference accounts only for some of the observed asymmetry. The rest stems from the low energy behaviour of the Raman intensity. For example, there is a shape resonance feature which contributes significantly to the intensity for positive detunings (ν > 354.4 cm −1 ). HD-He with its very shallow potential well, is less likely to show shape resonance features. This is a possible explanation for that the intra-collisional interference theory and the Fano line shape is so successful in describing the infrared spectrum of HD in a He bath [20] . Also, since the dipole of HD is so weak, the total intensities of the allowed spectral lines are small. Previous studies of the HD line shapes focused on the regions a few cm −1 from the corresponding transition, compared with ∼25 cm −1 ≈ kT which are considered here. Thus one expects a smaller role played by threshold effects like that illustrated by comparing the intensities for frequency shifts 329 and 380 cm −1 in Figure 4 .
Calculations of low-temperature collision-induced and collision-broadened spectroscopic processes appear to be rather challenging due to resonance features in the cross section. Other methods to handle these are desired and a scheme based on the Breit-Wigner theory [28] similar to that worked out by Bennett et al. [29] for radiative association would likely be useful.
It should also be noted that shape resonances depend strongly on the details of the potential energy surface. This has been investigated in detail for radiative association [30] . The principal aim in this work is to study the mechanisms rather than evaluating accurate light scattering intensity. If high accuracy is needed one should make sure to use the most accurate potential available.
